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Abstract: The purpose of this study was to obtain a biodegradable film based on polyvinyl alcohol
with reduced water vapor permeability. The hydrophobic character of the films was achieved by
incorporating beeswax, vegetable bio-surfactant, citric acid as a cross-linking agent, and glycerol to
provide elasticity, along with the application of thermal treatment. Water vapor permeability was
determined gravimetrically. The results indicated that all films produced had lower water vapor
permeability compared to unmodified or untreated polyvinyl alcohol films. The barrier to water
vapor varied directly with the mass of beeswax used, and the homogeneous dispersion of beeswax
in the polyvinyl alcohol matrix was essential for achieving an efficient hydrophobic film. The best
performing-material exhibited a water vapor permeability 5.15 times lower than that of the neat
polyvinyl alcohol and 15 times higher than that of polyethylene. Considering the fact that the water
vapor barrier property of neat polyvinyl alcohol was 78 times lower than that of polyethylene, the
combination of beeswax, citric acid, and vegetable bio-surfactant—along with thermal treatment—can
be a viable solution to reduce the hygroscopicity of polyvinyl alcohol-based films.

Keywords: biodegradability; polyvinyl alcohol; beeswax; water vapor permeability; hygroscopicity;
hydrophobicity

1. Introduction

The growing concern for environmental pollution and the widespread accumulation of
huge amounts of plastic waste, which remains in the environment for a long time and has a
negative impact on resource depletion as well as human health, have led many institutions
to adopt Sustainable Development Goals to reduce the impact of these materials on the
environment. Under the influence of several factors, these plastics break down into very
small particles, so-called microplastics (smaller than 5 mm), which can be ingested by
animals, birds and marine fauna and pose a threat to all trophic levels [1].

Traditional plastics are used in many industries, with some materials having a longer
lifespan, such as those used in construction, lasting about 35 years, and others, like pack-
aging materials, having a shorter lifespan of about 6 months. In contrast, biodegradable
materials degrade in shorter periods of time, about 1–2 months, compared to traditional
materials that can remain in the environment for centuries or even longer [2].

The current trend is to find viable and environmentally friendly solutions to replace
non-degradable petroleum-based plastics with sustainable, renewable, hydrophobic and
biodegradable materials that can be recycled and composted. This aims to reduce fossil fuel
dependence and greenhouse gas footprint in the environment and promote more efficient
use of renewable resources [3,4].

Biodegradable polymeric materials have been the subject of numerous studies due to
their unique benefits, such as: excellent film-forming properties, good mechanical, optical
and thermal properties, corrosion resistance, low weight and high hardness, and excellent
oxygen barrier properties. However, these materials also have some disadvantages, such
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as high water vapor permeability (WVP). Despite the efforts of by many researchers, due
to these limitations, there are few biodegradable polymers that meet the requirements of
modern society’s packaging needs [2,5].

There are various studies in the literature on obtaining hydrophobic surfaces for
potential packaging materials, but obtaining environmentally friendly and sustainable
hydrophobic materials remains a major challenge. The water vapor barrier performance
of biomaterials can be influenced by various factors such as sample preparation methods
(casting, biaxial orientation, annealing), test conditions (temperature, humidity), and micro-
morphology (crystallization, phase separation) [6,7]. Under high humidity conditions, the
biopolymer matrix should be cross-linked to ensure the integrity. Cross-linking refers to
the reactions that lead to the formation of bonds between polymer chains [8].

Polyvinyl alcohol (PVA) is a biodegradable synthetic polymer widely studied by
researchers. It is applicable in many industries, such as: biomedicine, cosmetics, and
pharmaceutical industry, in the paper, textile, and paint industries, in construction. Recently,
there has been growing interest in obtaining packaging biomaterials for use in the food
industry, either as a film [9], as a layer in biocomposites, or as a coating [10].

PVA can be completely broken down by appropriately acclimatized microorgan-
isms [11]. Its biodegradation can occur under aerobic or anaerobic conditions. Under
appropriate environmental conditions (pH and temperature), selected microorganisms
grow rapidly, resulting in the rapid degradation of the polymer. This process should be
completed in a minimum of 6 and a maximum of 12 weeks [12].The biodegradability of PVA
has been demonstrated since the early 1930s. Biodegradation occurs through hydrolysis or
enzymatic cleavage of the polymer matrix [1,13].

PVA is one of the most commonly used biopolymers for the production of bioplastics. It
is a biodegradable synthetic polymer obtained by the hydrolysis of poly(vinyl acetate) under
alkaline conditions [14]. PVA is non-toxic, water-soluble, exhibits excellent biocompatibility,
and good mechanical and thermal properties [15]. It is easy to process, highly polar, and
forms strong hydrogen bonds in the presence of hydroxyl groups. Although it has low
oxygen permeability [16] it exhibits high WVP.

Reducing the WVP of PVA-based films can be achieved by combining the biopoly-
mer with other materials [17], adding multiple functional constituents [18,19] such as
cross-linking agents or plasticizers [20], or applying various methods such as grafting,
etherification, phosphorylation, acetylation, freezing, heat treatment, or irradiation [21,22].

The transfer of water between food and the environment influences the shelf life of
food leading to its alteration. For this reason, many researchers have devoted their attention
to improving this barrier property by mixing PVA with other biopolymers or using various
chemical or physical methods [23]. A packaging material with a low permeability prevents
water from penetrating the food, thus preventing the growth of microorganisms on or
within its surface [24]. Hydrophobic films and coatings can reduce the rate of water
molecule transfer acting as effective barriers against moisture. Mixing waxes into the
polymer matrix can also be a viable strategy for improving water vapor barrier properties
due to their hidrophobic character. The type and amount of wax and emulsifiers, as well as
different preparation conditions (such as temperature and homogenization conditions) are
important factors that influence the stability, structure, and properties of the film. For a
more homogeneous dispersion of wax in the film matrix, its melting point should be as low
as possible helping to obtain small droplets facilitating the formation of emulsion. Cheng
et al. [25] tested three types of wax (beeswax (BW), candelilla wax (CL), and carnauba wax
(CB)) for reducing the hydrophilicity of edible starch/gelatin films prepared by extrusion
blowing. By incorporating BW and CL into the matrix, the film surface became rougher and
more irregular, thus improving the surface hydrophobicity of the film. Films containing
BW showed the stronger thermal stability and the lowest permeability to water vapor.
The authors of this study recommended BW for obtaining edible films with low water
vapor permeability.
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BW is commonly used to produce hydrophobic films or coatings. It has a complex
composition, containing various constituents including long-chain hydrocarbons, fatty
acids, free acids and esters, alcohols. Beeswax has a melting point of 63–65 ◦C, is insoluble
in water, and has a yellowish color. The superhydrophobic nature of BW is attributed
to the methylene [int-(CH2)] carbons in the internal chain of which more than 95% is
present [26]. Zhang et al. [27] prepared agar/maltodextrin-beeswax (A/M-BW) pseudo-
bilayer films and studied drying temperatures and homogenization conditions to increase
the hidrophobicity of the films. The best results were obtained at 80 ◦C and 8000 rpm
for 1 min. Composite films based on PVA/polyacrylic acid (PAA) were prepared by Lim
et al. [28] who studied the effect of wax content on the formation of solutions. The analysis
results showed that excessive wax content led to the separation of solution phases, resulting
in non-homogeneous structures due to the clumping of BW. The best results were achieved
with a film containing 10% BW, which improved the properties against water, oxygen
and oil.

Emulsifiers are amphiphilic substances that determine the interaction between lipids
and matrices and contribute to their homogeneous dispersion in the film matrix. They can
reduce the size of droplets in the emulsion thus increasing the number of drops in it [29].
Tanwar et al. [30] prepared PVA and starch films, then added coconut shell extract (CSE)
in different mass proportions (3, 5, 10, and 20%) and sepiolite clay to obtain a material
with antioxidant properties for food packaging. The mechanical and thermal properties
of the films improved by adding CSE and sepiolite clay to the matrix due to the formed
hydrogen bonds. Phenolic extent in films varied in direct proportion to the amount of CSE.
Water vapor permeability and the antioxidant activity of films have also been improved
with the addition of CSE to the film matrix. Soybean oil packaged in the films obtained
showed improved oxidative stability. The authors recommend CSE as an antioxidant, but
recommend reducing WVP of packaging films.

Cross-linking agents are also introduced into the film matrix to achieve better conjuga-
tion of film components, thereby improving the properties of the films.

In active carboxymethyl cellulose, PVA, and Aloe Vera films, Kanatt et al. [31] in-
troduced citric acid as a cross-linking agent and the films obtained were analyzed. The
permeability, solubility, and moisture content decreased with the addition of CA and the
physical-chemical and mechanical properties of the films improved. The results of the
analyses showed that the incorporation of CA led to cross-linking by the formation of ester
bonds. The films were tested for minced meat packaging and delayed lipid peroxidation
and prevented the growth of microorganisms in minced meat.

Additionally, Musetti et al. [23] introduced poly (ethylene glycol) (PEG) and CA into
the PVA matrix as cross-linking agents to obtain a thin film carrying antimicrobial agents.
Given all the performance CA has demonstrated in forming inter-catenary bounds, it was
necessary to include PEG in the film to diminish the film’s hydrophilic behavior. The results
showed that the developed matrix could be a promising material for the incorporation of
active ingredients.

Thermal treatment is another method used and mentioned in the literature to improve
the water vapor barrier properties of PVA-based film. Bellelli et al. [32] used CA and malic
acid to improve the properties of PVA films. The addition of acids combined with heat
treatment gave them double effect, namely, cross-linking and plasticizing. The results of
this study showed improved mechanical resistance of the films and WVP was reduced by
applying heat treatment and even more with the addition of acids. Film transparency was
not affected by heat treatment, but when coupled with the addition of acids it resulted in
slight yellowing.

The aim of this study was to find a suitable strategy to improve the WVP of the PVA-
based biodegradable polymer, through physical or chemical modifications or a new design
of the polymer structure using organic compounds to minimize the environmental impact.
This would allow it to be used as a potential packaging material even in wet or aqueous
environments. The study also investigated the effect of thermal curing on the obtained
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films. The heat treatment applied to the biomaterials were at 125 ◦C and 150 ◦C. At the
end of the study, by comparing the results obtained, it was determined which formula is
optimal for improving the performance of PVA-based films, in terms of WVP.

In this preliminary study, the goal was to develop a series of PVA-based materials that
exhibit good water vapor barrier properties, in order to obtain a biodegradable material that
could replace non-degradable materials and could potentially be used as food packaging
material. The biodegradable character of PVA and all the materials used to obtain the films
from this study is already known from the literature, and the working strategy is like the
films obtained, with the best characteristics regarding the water vapor barrier, they will be
subsequently selected and subjected to detailed analysis that will include biodegradability,
structure, morphology, thermogravimetric analysis, and mechanical properties.

According to our research, there have been no previous studies on PVA-based bioma-
terials modified with beeswax and vegetable bio-surfactant to improve the water vapor
barrier properties of the biomaterial.

2. Materials and Methods
2.1. Materials

Poly(vinyl alcohol) Mowiol® 28–99, Mw = 145,000 g·mol−1 was purchased from Sigma-
Aldrich® (Munich, Germany). Citric acid monohydrate (assay 98%) (CA) and Glycerol for
analysis (99%) (Gly) were purchased from MultiLab SRL (Bucuresti, Romania). Beeswax
(BW) was provided from a local producer on the Romanian market. Coco-betain vegetable
origin surfactant (CBS) was purchased from Elemental SRL (Oradea, Romania). Wild
oregano oil with 80% carvacrol (OEO) was provided by Provita Nutrition SRL (Bucuresti,
Romania). LDPE transparent polyethylene plastic bags made from virgin granules were
purchased from Stifany Impex SRL (Bucuresti, Romania).

2.2. Film Preparation

The solution casting method was used to prepare all films.
Films based on PVA (5 wt%) with the addition of CA, in a ratio of 0.75%, were obtained

by placing PVA granules and CA granules in a Berzelius glass over which distilled water
was added. The covered beaker heated in a water bath, on a magnetic stirrer, at 80 ◦C, for
approximately 3 h at 500 rotations per minute (rpm) until the granules were completely
dissolved and a homogeneous mixture was obtained. Then Gly (1.5 wt%) was added and
homogenized for another 5 min on the magnetic stirrer, and the solution thus obtained was
sonicated in a Bandelin Sonorex ultrasonic bath, for another 3 min, for a better dispersion.
A volume of 10 mL obtained mixture was introduced in every glass Petri dishes with a
diameter of 90 mm and the dishes were placed on a straight plane and allowed to dry for
two days at room temperature.

The PVA-based films modified with BW were prepared using the same method, with
the difference that PVA and CA granules, along with BW in different mass proportions
(0.2 and 0.4 g), were dissolved in CBS (1 wt%), under the same conditions, with Gly being
added at the end. OEO was added to this solution at a mass proportion of 0.71% after bring
it to 65 ◦C by continuous stirring to obtain the OEO modified PVA-based film.

To obtain a thinner film, the resulting mixture was divided into two equal parts. A
volume of 5 mL was introduced in Petri dishes and allowed to dry in the same conditions.
These parts were used for individual analysis or for the preparation of double layer films,
which also examined the influence of thickness on film permeability.

The double layer films were obtained by two methods. The first method by hot
pressing (200 ◦C) by bonding the films using Mtechnic heat transfer press, 380 × 380 mm,
and the second method by previously pouring the solution of the second film over the first
dried film before.

The resulting films were heat treated at 125 ◦C and 150 ◦C in a preheated Binder oven
for 20 min and all the films obtained can be seen in Table 1.
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Table 1. Types of films obtained, the corresponding code, the method of preparation and film
thickness.

Film Film Code Preparation Method Film Thickness
(mm)

PVA PVA

PVA was mixed with
distilled water and heating
on the magnetic stirrer and
finally treated with
ultrasound.

0.33 ± 0.0094

PVA + 0.75% CA + Gly PVA I

PVA, CA, and distilled
water were mixed and
heated on the magnetic
stirrer. As the mixture
formed, Gly was added
and sonicated.

0.33 ± 0.0015

PVA + 0.75% CA + 0.2 g
BW + CBS + Gly PVA II

PVA, CA, and BW were
mixed and heated with
CBS on magnetic stirrer,
and Gly was also added
and sonicated.

0.33 ± 0.0085

PVA + 0.75% CA + 0.2 g
BW + CBS + Gly (thinner) PVA III

PVA III film was prepared
as PVA II film and the
resulting solution was
divided into two equal
parts and poured into two
Petri dishes for dry,
resulting in a thinner film.

0.17 ± 0.0039

PVA I + PVA III PVA IV
double layer

A PVA IV film was
obtained by hot pressing
(200 ◦C) of PVA I and PVA
III films, resulting in a
double layer film.

0.5 ± 0.0165

PVA + 0.75% CA + 0.4 g
BW + CBS + Gly (thinner) PVA V

PVA, CA, and BW were
dissolved in CBS solution
by the same procedure and
half of the obtained
solution was used for the
PVA V film.

0.18 ± 0.0010

PVA + 0.75% CA + 0.4 g
BW + CBS + OEO + Gly PVA VI OEO was introduced in

half of the PVA V solution. 0.18 ± 0.0059

PVA I + PVA V PVA VII
double layer

On top of the dried PVA I
film the PVA V film
solution was added by
casting method.

0.5 ± 0.0116

PVA + 0.4 g BW + CBS (+
5%) + Gly (thinner) PVA VIII

PVA and BW were
dissolved in 5% more
concentrated CBS solution,
using the same procedure,
and half of the obtained
solution was used for the
PVA VIII film.

0.18 ± 0.0031

PVA + 0.4 g BW + CBS +
Gly (thinner) PVA IX PVA IX film is the same as

PVA V film without CA. 0.18 ± 0.0034
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2.3. Film Thickness

The thickness of the films was determined by manually measuring the film at 5 random
points with a micrometer, with the thickness being the arithmetic mean of the values. The
thickness of the PE film was 0.033 mm.

2.4. Water Vapour Transmission Rate (WVTR)

The WVTR was determined gravimetrically according to the method described by
Sobral et al. [33] adapted to this study. The piece of film was attached of 1 cm/cm cross-
sectional plastic vial, containing anhydrous silica gel (~5 g). The assembly was weighed,
and then placed in a container with water vapor. The assembly was weighed daily and
the water vapor flowing through the test film, expressed as the mass gain, represented the
WVTR of the test material (Equation (1)).

WVTR =

(
m f − m0

)
m0

·100 (1)

where:

m f —final mass of the trial (g);
m0—initial mass of the trial (g).

2.5. Water Vapor Permeability (WVP)

WVP is the amount of water that flows through the material per unit time and per unit
area, under constant conditions of relative humidity and temperature, and was maintained
throughout the test. The WVP of the prepared films has been calculated according to the
formula below (Equation (2)) by multiplying WVTR by the thickness of the material and
dividing the result by the area of the test surface multiplied by the time at which the result
was obtained and by the water vapor pressure gradient, according to the method described
by Sobral et al. [33].

WVP (
g
s
·m·Pa) =

w·x
t·A·∆P

(2)

where:

w—mass increase due to water vapor absorption by silica gel (g);
x—thickness of material;
t—analysis time (s);
A—contact surface (m2);
∆P—difference between partial pressure of silica gel atmosphere and distilled water
(2652 Pa at 40 ◦C).

2.6. Structure by Fourier-Transformed Infrared Spectroscopy (FTIR)

FTIR spectra were recorded by using a Perkin Elmer Spectrum BX spectrometer. The
wavenumber ranged from 4000 to 600 cm−1. Each FTIR spectrum was the average of
8 replicates. The resolution was 4 cm−1.

2.7. Statistical Analysis

All experiments were conducted in triplicates and the mean and standard deviation
were determined, which did not exceed 5%. The degree of statistical significance was
determined in Microsoft Excel, using One-Way Anova processing, the Tukey model.

3. Results and Discussion

Various PVA-based films were prepared and modified with BW in different mass
ratios and through different procedures which were compared with PVA film and PE film
to obtain an optimal formula that had the properties required for a potential packaging
material with low WVP. Macroscopic image of films obtained can be seen in Table 2.
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Table 2. Macroscopic image of films obtained (the results were obtained in triplicate. The average of
the three determinations was reported, with a maximum error of 5%).
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3.1. PVA Film

The first film prepared was the PVA film which was used as a reference film for
comparison with the other films that were subsequently obtained, modified and heat
treated. The film obtained can be seen in Table 2. The PVA film was homogeneous,
transparent and was easily detached from the Petri dish, but showed plastic properties and
poor elasticity. The film thickness was 0.33 mm. The WVTR of the PVA film can be seen in
Figure 1, compared with to that of the PE film.
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Figure 1. WVTR of PVA and PE films (the results were obtained in triplicate. The average of the three
determinations was reported, with a maximum error of 5%).

The WVTR of pure PVA film was 5.05 higher than that of the PE film on the 34th, the
difference between the two films was 12.76%. Consequently, the PVA film had a higher
WVP. The PVA film absorbed the most until the 18th day, then very little after that, while
the PE film absorbed evenly over the 34 days. This fact is due to the hydrophilic character
of PVA which, in the first phase, absorbs more water vapor, having a higher affinity with
water and in the second phase, approaching the saturation state absorbs less, having fewer
hydroxyl fractions available [34,35]. The difference between the WVTR values of PVA
and PE films is statistically significant at 99% (p < 0.01) according to One-Way Anova, the
Tukey model.

3.2. PVA Film Modified with 0.75% CA and 1.5% Gly (PVA I)

The PVA I film had a translucent appearance, was well mixed, flexible, and was easily
detached from the Petri dish. The thickness of the film was 0.33 mm. The image of the film
can be seen in Table 2.

The film was heat treated and the WVTR of the film was determined, which can be
seen in Figure 2, compared to that of the pure PVA film and the PE film.

The difference between the untreated PVA I film and the one treated at 125 ◦C is very
small, up to 0.20%. In the first 5 days, the PVA I film shows a higher mass increase, and
after 7 days it returns, with the PVA I film treated at 125 ◦C absorbing more water than the
untreated one. Curing the PVA I film at 150 ◦C is more effective, as the film absorbs less in
the first 3 days, 0.67% compared to untreated PVA I film and 0.57% compared to 125 ◦C,
but the effect diminishes and reaches a difference of 0.3% from PVA I film treated at 125 ◦C
and 0.25% from untreated PVA I after 34 days. Compared to untreated and unmodified
PVA film, PVA I film has 5.83% lower WVTR compared to untreated heat, 5.78% lower than
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that treated at 125 ◦C and 6.08% lower than film hardened at 150 ◦C. Compared to PE film,
PVA I film has a 6.98% higher WVTR for film cured at 125 ◦C, 6.93% for untreated film,
and 6.68% for film treated at 150 ◦C. According to the tests carried out, the lowest WVTR
was achieved by PVA I film treated at 150 ◦C. This could be explained by the fact that the
effect of CA without heat treatment is only plasticizing, while curing by heat treatment
gives CA and cross-linking effect [32], creating as many intermolecular hydrogen bonds as
possible between the free -OH fractions of PVA and those of CA, leaving fewer free moieties
to interact with water, resulting in a lower WVP of the film and Gly imparts elasticity to
the film and increases the mechanical strength of the film, preventing it from breaking
after heat treatment [31,36]. The difference between the WVTR values of the modified and
heat-treated films and the PVA film is statistically significant at more than 99% (p < 0.01)
according to One-Way Anova, the Tukey model, which means that the WVP of the PVA
film has been improved.
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Figure 2. WVTR of untreated PE, PVA, PVA I films and PVA I film heat treated at 125 ◦C and 150 ◦C
(the results were obtained in triplicate. The average of the three determinations was reported, with a
maximum error of 5%).

3.3. PVA Film Modified with 0.75% CA, 0.2 g BW, CBS and Gly 1.5% (PVA II)

The PVA II film is homogeneous, transparent, with a whitish tinge and is easy to peel
off from the Petri dish, being 0.33 mm thick. The film can be seen in Table 2.

The film was subjected to heat treatment for curing and the WVTR was recorded,
which is shown in Figure 3, compared to that of the PE and untreated PVA film.

The use of heat treatment was effective and improved the water barrier of PVA II
films. The best results were achieved with the film treated at 125 ◦C which had a 0.73%
lower WVTR on the first day than the untreated PVA II film. The difference increased to
2.29% on the 8th day and reached 1.1% on the 34th day. When compared to pure PVA film,
the PVA II film treated at 125 ◦C exhibited a decrease in WVTR of 5.78% on day 5, which
increased to 6.83% on day 34. Conversely, the pure PVA film showed a 5.73% higher WVTR
than the untreated PVA II film. Furthermore, compared to PE film, a PVA II film cured at
125 ◦C demonstrated a 4.22% higher WVTR on the 13th day, with the difference increasing
to 5.93% on the 34th day.
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Figure 3. WVTR of untreated PE, PVA, PVA II films, and PVA II film heat treated at 125 ◦C and
150 ◦C (the results were obtained in triplicate. The average of the three determinations was reported,
with a maximum error of 5%).

These results can be attributed to the hydrophobic character of BW in the film matrix,
which reduces water vapor transmission through the matrix, thereby enhancing the film’s
water barrier properties. BW was found to impart higher hydrophobicity to the film
compared to other lipid sources [37,38].

Statistically significant differences of 95% (p < 0.05) were recorded between the PVA II
film treated at 125 ◦C and the films PVA II and PVA II treated at 150 ◦C, respectively, which
shows that the film treated at 125 ◦C has better barrier properties against water vapor.
All three films recorded statistically significant differences in proportion of 99% (p < 0.01)
compared to the PVA film, which means that all films improved the WVP of the PVA film
according to One-Way Anova, the Tukey model.

3.4. PVA Film Modified with 0.75% CA, 0.2 g BW, CBS and 1.5% Gly, Thinner (PVA III)

The film was well homogenized, was thin, 0.17 mm thick, easily detached from the
Petri dish and was transparent with a slight tinge of white. The image of PVA III can be
seen in Table 2. The WVTR values of this thermically treated film can be seen in Figure 4,
compared to those of the PE and untreated pure PVA film.

PVA III film treated at 125 ◦C achieved the best results, with WVTR values 5.8% lower
than the pure PVA film after 34 days. The difference from the PE film is 6.96% for the PVA
III film cured to 125 ◦C and 7.56% for the untreated PVA III film on day 34. The 150 ◦C heat
treatment of the PVA III film was not effective, cracks may have appeared during modeling.
The measured WVTR was 4.55% lower than the pure PVA and 8.21% higher compared to
the PE. The results obtained suggest that obtaining a thinner film reduces the WVTR of
PVA III film compared to the untreated PVA film, because the thickness of the film affects
the partial equilibrium pressure of water on the inner surface of the film, giving it greater
resistance to water transfer, in the case of hydrophilic films [37]. The values obtained with
the film treated at 150 ◦C could be due to microcracks that may have occurred during
modeling of the film.

The PVA III film treated at 150 ◦C recorded statistically significant differences in the
proportion of 95% (p < 0.05) compared to the PVA III film as WVTR indicating that heat
treatment at 150 ◦C did not improve the WVP of the PVA III film. The difference between
the WVTR values of the modified and heat-treated films and the PVA film is statistically
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significant at more than 99% (p < 0.01) according to One-Way Anova, the Tukey model,
which means that the WVP of the PVA film has been improved.
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Figure 4. WVTR of untreated PE, PVA, PVA III films, and PVA III film heat treated at 125 ◦C and
150 ◦C (the results were obtained in triplicate. The average of the three determinations was reported,
with a maximum error of 5%).

3.5. PVA Film Modified with 0.75% CA and 1.5% Gly (PVA I) and PVA Film Modified with 0.75%
CA, 0.2 g BW, CBS and 1.5% Gly (PVA III, Thinner) (PVA IV Double Layer)

The films adhered quite well to each other, proving their compatibility, resulting in a
fairly transparent film with a slight white tint and a thickness of 0.5 mm. During the heat
treatment, the films did not break, but at 150 ◦C the double layer film yellowed slightly.
The image of the film obtained can be seen in Table 2.

The WVTR of the double layer film was calculated and can be seen in Figure 5,
compared to that of the PE and pure PVA film.

Heat treatment at 150 ◦C was not effective on PVA IV film, resulting in values 0.37%,
higher than untreated PVA IV film at day 34. However, these are values that 6.77% lower
than those achieved with pure PVA film. A PVA IV film cured at 125 ◦C prevents greater
penetration of water through the film compared to an untreated PVA IV film. The difference
recorded is 1.29%, and for pure PVA film the difference is 8.43% at day 34. The difference
in WVTR values between PVA IV film treated at 125 ◦C and PE film is 4.33%, in favor of
the PE film on the same day.

PVA IV film achieved better results than PVA II and PVA III film. The formula adopted
reduces the permeability of PVA film more effectively provides a better barrier to water
vapor, which is achieved by the most hydrophobic layer in the double layer film. Compared
to the other films, the WVTR values even approach those of PE film.

The obtained results suggest that the formulation of a double layer film could be a
viable strategy to reduce the permeability of PVA films. The results are consistent with those
of Hernandez-Garcia et al. [39] who prepared double layer films by thermocompression of
a starch-based layer (cassava and corn) with another layer of PLA/poly(3-hydroxybutyrate-
co-3-hydroxyvalerate). The authors showed that double layer film had much higher barrier
properties against water vapor and oxygen compared to monolayer films.
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Figure 5. WVTR of untreated PE, PVA, PVA IV films, and PVA IV film heat treated at 125 ◦C and
150 ◦C (the results were obtained in triplicate. The average of the three determinations was reported,
with a maximum error of 5%).

Statistically significant differences of 95% (p < 0.05) in WVTR values were recorded
between the PVA IV film treated at 125 ◦C and the PVA IV and PVA IV films treated
at 150 ◦C respectively, which shows that the film treated at 125 ◦C has better barrier
properties against water vapor. All three films recorded statistically significant differences
in proportion of 99% (p < 0.01) compared to the PVA film, which means that all films
improved the WVT of the PVA film according to One-Way Anova, the Tukey model.

3.6. PVA Film Modified with 0.75% CA, 0.4 g BW, CBS and 1.5% Gly, Thinner (PVA V)

The PVA V film had a homogeneous appearance, the BW was dispersed into very fine
particles, there were no wax conglomerates. The film is quite transparent with a whitish
hue, it is thin and the heated film showed no cracks and no yellowing. The thickness of the
film was 0.18 mm. The image of the film is shown in Table 2 and the WVTR results of the
film are shown in Figure 6, compared to those of the PE and pure PVA film.

The best results were obtained by the thermally hardened film at 150 ◦C, achieving a
1.88% lower WVTR at day 34 compared to the non-heat-treated PVA V film. Compared
to the WVTR of the pure PVA film, the WVTR of the film treated at 150 ◦C is 10.4% lower
on the same day, and 2.36% higher compared to the PE film. Heat treatment of the PVA V
film at 125 ◦C was not effective over untreated PVA V film, with the WVTR being 0.23%
higher, but the WVTR being 8.29% lower than of pure PVA film and was 4.47% higher than
PE film. Untreated PVA V film had WVTR values that were 8.52% lower than pure PVA
film and 4.24% higher than PE film.

Increasing the amount of BW combined with heat treatment appears to be an effective
strategy to improve the WVP of pure PVA film, because it reduces the moisture content
of the films [40]. Similar results were obtained by Pérez-Vergara et al. [37] who prepared
edible films based on cassava starch, ethanolic extract of propolis and BW. The researcher
reported that the permeability and the moisture of the films obtained varied inversely
proportional with the amount of BW.

The PVA V film treated at 150 ◦C recorded statistically significant differences with
regard to WVTR in proportion of 99% (p < 0.01) when compared to the PVA V film. This
showed that the film treated at 150 ◦C had better barrier properties against water vapor.
The difference between the WVTR values of the modified and heat-treated films and the
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PVA film is statistically significant at more than 99% (p < 0.01) according to One-Way Anova,
the Tukey model, which means that the WVP of the PVA film has been improved.
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Figure 6. WVTR of untreated PE, PVA, PVA V films and PVA V film heat treated at 125 ◦C and 150 ◦C
(the results were obtained in triplicate. The average of the three determinations was reported, with a
maximum error of 5%).

3.7. PVA Film Modified with 0.75% CA, 0.4 g BW, CBS, 1.5% Gly, and 0.71% OEO, Thinner
(PVA VI)

The resulting mixture was not as homogeneous as with the PVA V film, as seen
in Table 2, with agglomerations of lipid particles. The film was quite transparent, a
slightly whitish, and the thickness of the film was 0.18 mm. The treatment of solution with
ultrasounds resulted in particle conglomeration effect. The untreated film had a pleasant
oregano smell, which was lost during heat treatment as essential oils had been shown
to evaporate at high temperatures [41,42]. However, this was added to the film with the
intention of trapping part of it in the matrix network, thereby reducing the WVP of the
film. The PVA VI film treated at 150 ◦C cracked during modeling and the WVTR of the
film could not be determined. The WVTR values of the PVA VI film are shown in Figure 7,
compared to those of the PE and pure PVA film.

The best results were achieved with a PVA VI film heat treated at 125 ◦C, which had
the lowest WVTR values, 0.74%, on day 34, compared to not thermally hardened PVA VI
film, and to pure PVA film, the difference was 8.12%, on the same day. Compared to the
PE film, the differences observed were smaller, with the untreated PVA VI film having
5.38% higher WVTR values and the PVA VI film treated at 125 ◦C showing even smaller
differences on day 34, namely 4.64%.

The addition of OEO to the modified BW film can be a good strategy to reduce the
permeability of the pure PVA film, since the PVA VI film had almost the same WVTR values
as the PVA V film, but possibly a better dispersion of both lipids in the film matrix would
lead to even better results.

Increasing the amount of added lipids to reduce the hygroscopicity of films was also
confirmed by Reis et al. [40] in their study by preparing trays made of thermoplastic starch
materials (TPS) and PLA, obtained by extrusion and thermopressing, which covered with
BW emulsion in different mass proportions (1, 2, and 3%), to lower their WVP. The authors
demonstrated that the WVP of the trays obtained decreased with increasing the amount
of wax from 7.9 × 10−11 to 0.2 × 10−11 g/m·s·Pa due to the hydrophobicity of BW. Zhang
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et al. [27] also state that the aggregation and crystallization of BW during drying results in
a rougher surface and subsequently in low WVP of the film.
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Figure 7. WVTR of untreated PE, PVA, PVA VI films and PVA VI film heat treated at 125 ◦C (the
results were obtained in triplicate. The average of the three determinations was reported, with a
maximum error of 5%).

The difference between the WVTR values of the modified and heat-treated films and
the PVA film is statistically significant at more than 99% (p < 0.01) according to One-Way
Anova, the Tukey model, which means that the WVP of the PVA film has been improved.

3.8. PVA Film Modified with 0.75% CA and 1.5% Gly (PVA I) and PVA Film Modified with 0.75%
CA, 0.4 g BW, CBS and 1.5% Gly (PVA V) (PVA VII Double Layer)

The PVA VII double layer film is well homogenized, with glossy and transparent
side and the other side slightly whitish, the combined biomaterials being compatible and
making a very good grip. The thickness of the film was 0.5 mm and its image can be seen
in Table 2. The WVTR values of PVA VII film subjected to heat treatment are shown in
Figure 8 compared to those of the pure PVA film and the PE film.

The heat-treated double-layer film became slightly stiffer and thicker, but did not
break, while the film cured at 150 ◦C turned slightly yellow.

Heat treatment of the double layer PVA VII film at 125 ◦C was found to be ineffective
and gave WVTR values approximately equivalent to those of the untreated PVA VII film;
however, compared to pure PVA, the WVTR was reduced by 5.57%. The PVA VII film cured
at 150 ◦C was effective and reduced the WVTR of untreated double layer film by 1.36% on
the 26th day and by 1.06% on the 34th day. The untreated PVA VII film had a 5.7% lower
WVTR than pure PVA film at day 34, and the 150 ◦C cured film had 6.76% lower WVTR,
reducing the water barrier of the pure PVA film. Compared to the PE film, the WVTR of
the double layer film treated at 150 ◦C was 6% higher, and that of the PVA VII uncured film
was 7.06% higher at day 34.
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Figure 8. WVTR of untreated PE, PVA, PVA VII films, and PVA VII film heat treated at 125 ◦C and
150 ◦C (the results were obtained in triplicate. The average of the three determinations was reported,
with a maximum error of 5%).

Double layer films offer better protection against water than monolayers because the
permeability of the film is ensured by the layer having higher barrier properties. The results
obtained are consistent with a previous study by Zhang et al. [43] who prepared double
layer films of chitosan and zein, in different mass proportions, by the casting method. First,
the chitosan film was prepared and then dried. The zein film was poured over chitosan
film to improve the water barrier properties of chitosan. The authors argue that the desired
physico-chemical properties can be achieved depending on the composition of the double
layer. The double layer films they obtained showed excellent water vapor barrier properties,
and the film containing chitosan-zein at a ratio of 1:3 achieved the best results.

Statistically significant WVTR differences of 99% (p < 0.01) were recorded between the
treated PVA VII film at 150 ◦C and the PVA VII film respectively, which means this film
improved the WVP of the PVA VII film. Additionally, the difference between the WVTR
values of the modified and heat-treated films and the PVA film is statistically significant at
more than 99% (p < 0.01) according to One-Way Anova, the Tukey model, which means
that the WVP of the PVA film has been improved.

3.9. PVA Film Modified with 0.4 g BW, CBS (+5%) and 1.5% Gly, Thinner (PVA VIII)

The PVA VIII film was very thin, but less elastic, probably due to the lack of CA, which
gives the film elasticity and helps with cross-linking. The film was quite transparent with a
whitish tinge, and the thickness of the film was 0.18 mm. The image of film can be seen
in Table 2. Figure 9 shows the WVPR values recorded by the PVA VIII film, compared to
those of the pure PVA film and the PE film.

The heat treatment proved to be very effective on this film. The 125 ◦C cured film
recorded WVTR values 4.29% lower than the untreated PVA VIII film and the film treated
at 150 ◦C recorded 4.69% lower at day 34. Compared to pure PVA film, untreated PVA VIII
film had 5.04% lower on the same day, and film treated at 125 ◦C and 150 ◦C were 9.33%
and 9.73% lower, respectively. Compared to the PE film, the values of the treated films are
slightly higher, namely, 3.43% for the film treated at 125 ◦C and 3.03% for the film treated
at 150 ◦C at the 34th day.
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Figure 9. WVTR of untreated PE, PVA, PVA VIII films and PVA VIII film heat treated at 125 ◦C and
150 ◦C (the results were obtained in triplicate. The average of the three determinations was reported,
with a maximum error of 5 %).

The results obtained can be explained by a better dispersion of BW due to the presence
of a higher amount of CBS, an emulsifier or surfactant, with amphiphilic character, that is
contains both hydrophobic (water-insoluble) and hydrophilic (water-soluble) parts and is
absorbed to the interface of the two phases, creating bonds between the phases by reducing
the interfacial or surface tensions between them. These results are also confirmed by Zhang
et al. [44] who state that the effectiveness of the surfactant is determined by its ability to
stabilize emulsions and establish hydrophilic–lipophilic balance (HLB), and a lower HBL
value, resulting in a predominantly lipophilic equilibrium in the structure of the molecule,
which could prevent water from penetrating into the film matrix.

Statistically significant WVTR differences of 99 % (p < 0.01) were recorded between
the heat treated films and the PVA VIII film, thus showing the efficiency of heat treatment
in improving the WVP of the film. Additionally, the difference between the WVTR values
of the modified and heat-treated films and the PVA film is statistically significant at more
than 99% (p < 0.01) according to One-Way Anova, the Tukey model, which means that the
WVP of the PVA film has been improved.

3.10. PVA Film Modified with 0.4 g BW, CBS and 1.5% Gly, Thinner (PVA IX)

Similar to PVA V, the PVA IX film does not contain CA. The films was not very
homogeneous, less elastic, quite transparent, slightly whitish, and the thickness of the film
was 0.18 mm. The heat treated film did not change color, the film treated at 125 ◦C bent
slightly and could be shaped, but the film cured at 150 ◦C became stiff and broke when
shaping. The image of PVA IX film is shown in Table 2 and the WVTR values are recorded
in Figure 10, compared with those of PE film and pure PVA film.

The heat treatment of PVA IX film worked very well and improved the WVTR values
of the cured film at 125 ◦C by 3.36% compared the untreated PVA IX film and achieved
4.03% higher values compared on the 34th day to the PE film. Compared to pure PVA film,
the untreated PVA IX film recorded WVTR values 5.37% lower, and PVA IX film treated at
125 ◦C the values were 8.73% lower on the same day.
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Figure 10. WVTR of untreated PE, PVA, PVA IX films and PVA IX film heat treated at 125 ◦C (the
results were obtained in triplicate. The average of the three determinations was reported, with a
maximum error of 5%).

These results can be explained by a poor dispersion of BW in the matrix due to the lack
of CA, acting as a crosslinking agent, this leads to the creation of a sinuous network by form-
ing hydrogen bonds, preventing the water absorption. This aspect was reported by Wang
et al. [45] who prepared modified PVA films with modified xylan and CA to improve the
water vapor permeability. First, they modified xilan by (3-mercaptopropyl)trimethoxysilane
(MPTMS) and then added it to the solution of PVA and CA as a cross-linking agent. The au-
thors of this study emphasized the importance of the synergistic effect between xilan and CA
and the films obtained showed excellent water vapor barriers (2.79 × 10−13 g/cm−1·s·Pa),
better than those previously reported.

Statistically significant WVTR differences of 99% (p < 0.01) were recorded between all
films, meaning that heat treatment improved the WVP of the PVA IX film and both films,
PVA IX and PVA IX treated at 125 ◦C, improved the WVP of the PVA film.

3.11. Structure by Fourier-Transformed Infrared Spectroscopy (FTIR)

Figure 11 illustrates the FTIR spectra of the BW-PVA composite films. The signals
from 3293 cm−1 correspond to the vibration of OH groups [46] and are present in all PVA
based films but not in the FTIR spectrum of the BW, as a result of its hydrophobic property.
A weaker signal from the BW-containing films indicates a weakening of the hydrogen
bonds of the PVA film due to better matrix conjugation through the presence of BW. The
signals from 2915 and 2847 cm−1 are assigned to the vibration of methylene groups and
are stronger in BW FTIR spectrum than in those of the PVA-based films [46]. The peak at
1736 cm−1 is assigned by the vibration of C=O bonds in functional groups from beeswax
and appears in the FTIR spectrum of the BW and in those of the PVA-BW films and is
absent in the FTIR spectrum of PVA and PVA I [47]. The signals at 1646 cm−1, 1423 cm−1,
1329 cm−1, 1094 cm−1, 1042 cm−1, 922 cm−1, and 825 cm−1 appears in the FTIR spectra of
PVA and PVA based films and are assigned due to the vibration of C-O/C-H and C-O bonds
from alcoholic groups [46]. The peaks in the region 1473–1175 cm−1 appear in the spectra
of BW and of PVA modified with BW. This demonstrates the chemical modification of the
PVA-BW structures. By comparing the FTIR spectra of PVA VIII, PVA VIII 125 ◦C, and
PVA VIII 150 ◦C, common peaks can be observed at 1735 cm−1 assigned by the vibration of
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C=O bonds, in the region of 1416–1174 cm−1 and at 719 cm−1 due to the vibration of the
C-O bond in carboxyl groups from free fatty acids [47]. The difference between the FTIR
spectra of these samples consists in a weaker signal in the heat treated samples, which is
explained by a more intense cross-linking of the network, resulting in a more compacted
structure [48].
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3.12. Water Vapor Permeability (WVP) of the Films

The WVP of the prepared films was calculated using the formula in Section 2.5
(Equation (2)) and the results obtained were compared with the WVP values obtained
by the untreated and unmodified PVA film and the PE film. These can be seen in Table 3.

The WVP of untreated and unmodified PVA film was improved by all formulations
used in this study.

The best results were obtained with the heat treated PVA VIII film at 150 ◦C, which
reduced the WVP of the unmodified and untreated PVA film from 3.92 × 10−10 g/s·m·Pa
to 0.76 × 10−10 g/s·m·Pa. This film achieved WVP values 5.15 times lower than PVA’s.

Compared to the PE film, the best results were achieved with the same film, whose
WVP value was 0.71 × 10−10 g/s·m·Pa higher, and with the PVA V film treated at 150 ◦C,
which was 0.72 × 10−10 g/s·m·Pa higher than the PE film. WVP values close to those of the
PE film are also measured from the thermally treated PVA VIII film at 125 ◦C, which had
a WVP 0.79 × 10−10 g/s·m·Pa higher than the PE film, and from the PVA IX film treated
to 125 ◦C whose WVP values were 0.9 × 10−10 g/s·m·Pa higher than the values recorded
by the PE film. The WVP of the best performing film is 15 times higher than PE’s, while
untreated PVA film is 78 times higher than of PE’s.
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Table 3. WVP of the obtained PVA-based films (the results were obtained in triplicate. The average of
the three determinations was reported, with a maximum error of 5%).

Film Film Code
Water Vapor Permeability (WVP)

(g/s·m·Pa) × 10−10

Untreated Treated at 125 ◦C Treated at 150 ◦C
PVA PVA 3.92 ± 0.11% - -
PE PE 0.05 ± 0.03% - -

PVA + 0.75% CA + Gly PVA I 2.01 ± 0.57% 1.87 ± 0.13% 1.90 ± 0.56%
PVA + 0.75% CA + 0.2 g BW + CBS + Gly PVA II 2.18 ± 0.03% 2.02 ± 0.06% 2.01 ± 0.1%
PVA + 0.75% CA + 0.2 g BW + CBS + Gly

(thinner) PVA III 1.39 ± 0.1% 1.31 ± 0.07% 1.35 ± 0.09%

PVA I + PVA III PVA IV
Double layer 3.18 ± 0.13% 2.81 ± 0.11% 3.29 ± 0.14%

PVA + 0.75% CA + 0.4 g BW + CBS + Gly PVA V 1.06 ± 0.06% 1.18 ± 0.02% 0.77 ± 0.04%
PVA + 0.75% CA + 0.4 g BW + CBS + EO +

Gly PVA VI 1.21 ± 0.09% 1.07 ± 0.13% -

PVA I + PVA V PVA VII
Double layer 3.78 ± 0.9% 3.67 ± 0.4% 3.33 ± 0.5%

PVA + 0.4 g BW + CBS (+ 5%) + Gly PVA VIII 1.32 ± 0.10% 0.84 ± 0.05% 0.76 ± 0.04%
PVA + 0.4 g BW + CBS + Gly PVA IX 1.29 ± 0.07% 0.95 ± 0.10% -

4. Conclusions

The WVP of the PVA-based film was improved by all applied formulas. Using the
BW to reduce the hygroscopicity of the PVA film could be a viable strategy for obtaining a
potential packaging material. The WVP of BW-modified PVA-based films varies inversely
with the increase in BW percentage. Films containing BW in a mass ratio of 0.4 g and heat
treatment showed the lowest values of WVP, the best value being 0.76 × 10−10 g/s·m·Pa
recorded by the film which contained 5% more surfactant.

Obtaining the thinnest possible PVA-based biomaterial, containing BW can be an ef-
fective solution to improve the barrier properties against water vapor. The results obtained
showed that WVP varies proportionately with the thickness of the film.

Homogeneous dispersion of BW in the PVA film matrix is essential for achieving low
water permeability. The WVP of the best performing film is 15 times higher than that of the
PE film and 5.15 times lower than that of untreated PVA film, while WVP of untreated PVA
film is 78 times higher than that of PE film.

PVA-based film modified with 0.4 g of BW and 5% more CSB was selected to be
analyzed in further studies as potential packaging material for food with a high degree
of humidity.
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